Malignant gliomas are highly aggressive tumors of the central nervous system that rely on production of growth factors for tumor progression. Vascular endothelial growth factor (VEGF), interleukin-8 (IL-8), and tumor necrosis factor-A, for example, are up-regulated in these tumors to promote angiogenesis and proliferation. RNA stability, mediated through adenine and uridine-rich elements (ARE) in the 3 ¶ untranslated region, is a critical control point for regulating these growth factors. RNA half-life is predominantly governed by a balance between stabilizing and destabilizing factors that bind to ARE. We have previously shown that the stabilizing factor HuR is overexpressed in malignant gliomas and linked to RNA stabilization of angiogenic growth factors. Here, we report that the destabilizing factor tristetraprolin (TTP) is also ubiquitously expressed in primary malignant glioma tissues and cell lines. In contrast to benign astrogliotic tissues, however, the protein was hyperphosphorylated, with evidence implicating the p38/mitogen-activated protein kinase (MAPK) pathway. Conditional overexpression of TTP as a transgene in malignant glioma cells led to RNA destabilization of IL-8 and VEGF and down-regulation of protein production. Analysis of in vivo RNA binding indicated a shift of mRNA toward ectopic TTP and away from endogenous HuR. This biochemical phenotype was associated with a decrease in cell proliferation, loss of cell viability, and apoptosis. We postulate that hyperphosphorylation of TTP via p38/MAPK promotes progression of malignant gliomas by negatively regulating its RNA destabilizing function. [Cancer Res 2008;68(3):674-82] 
Introduction
Vascular endothelial growth factor (VEGF) and interleukin-8 (IL-8) promote proliferation and angiogenesis within malignant glioma tumors through autocrine or paracrine pathways (1) (2) (3) . Expression of these angiogenic growth factors correlates with tumor grade and vascularity, and a number of extracellular signals, including hypoxia and cytokine exposure, serve as potent inducers of gene expression (2, 3) . Strong expression of IL-8 and VEGF, for example, is observed in hypoxic/anoxic pseudopallisading cells within glioblastoma multiforme (GBM). Major determinants of IL-8 and VEGF RNA induction reside at transcriptional and posttranscriptional levels of gene regulation, working in concert to provide sustained RNA levels for protein translation (3, 4) . RNA stabilization, mediated through adenine and uridine-rich elements (ARE) in the 3 ¶ untranslated region (UTR), represents a major component of posttranscriptional regulation in malignant glioma and other tumors (4, 5) . We have shown that HuR, an mRNA-binding protein (RBP) linked to ARE-mediated RNA stabilization, is overexpressed in malignant glioma, leading to up-regulation of VEGF, IL-8, and tumor necrosis factor-a (TNF-a) transcripts (6, 7) . This level of gene regulation, however, reflects a balance between factors, such as HuR and those associated with destabilization, like tristetraprolin (TTP), butyrate response factor-1, KH-type splicing regulatory protein (KSRP), and adenine and uridine-rich RNA binding factor 1 (AUF1). Little is known about RNA destabilizing factors in malignant glioma, but based on our previous work and that of other investigators, we hypothesized that they would be suppressed. Here, we investigate the RNA destabilizer TTP in malignant glioma and find that this RBP is universally expressed in tumor and control tissues, but is hyperphosphorylated in the former to a state that has been associated with reduced function. Ectopic overexpression in glioma cells, however, leads to RNA destabilization of IL-8 and VEGF and an adverse effect on tumor cell proliferation and viability. These findings, in conjunction with our previous reports with HuR, suggest that the status of angiogenic factor mRNA stability is directly related to a balance between stabilizing and destabilizing RBPs, which in turn has a direct effect on tumor growth.
Materials and Methods
DNA constructs, cell culture, and transfection. Human TTP cDNA was the generous gift of Dr. Chris Moroni. The coding region was PCR amplified to create a FLAG epitope at the N terminus using the following primers: upstream, 5 ¶-TCAAGCTTGCGGCCGCATGGACTACAAGGACGAC-GATGACAAGGATCTGACTGCCATCTACG-3 ¶ and downstream, 5 ¶-TAGACC-TTGATATC TCACTCAGAAACAGAGATGC-3 ¶. The PCR product was digested with Not1 and EcoRV, cloned into the pTRE2-hyg plasmid (Clontech) and verified by sequencing. U87MG, U118MG, U138MG, M059K human glioma cell lines were purchased from the American Type Culture Collection. U251MG, U105MG, and D37MG human glioma cell lines were a kind gift from Dr. Darell D. Bigner (Duke University). The SNB19 human glioma cell line was a kind gift from Dr. Richard S. Morrison (University of Washington), and U251MG tet-on cells were from Dr. Erwin Van Meir (Emory University). Plasmid transfection and clone selection are described elsewhere (7) . For cytokine stimulation, cells were treated with TNF-a (R&D Systems) at 10 ng/mL for 24 h.
Western analysis, ELISA, and antibodies. For Western analysis, tumor tissues were provided by the UAB Brain Tumor Specialized Programs of Research Excellence tissue core facility. Protein was extracted in the presence of protease inhibitors and sodium orthovanadate using the M-PER or T-PER kit (Pierce Endogen). Sixty micrograms of extract were resolved on a 10% SDS-polyacrylamide and blotted. For dephosphorylation experiments, 60 Ag of protein extract was treated with 50 units of calf alkaline phosphatase (New England BioLabs) in buffer provided by the manufacturer. After a 2-h incubation at 37jC, extracts were resolved on a 10% SDS gel. For kinase inhibitor assays, U251MG and U251MG tet-on cells were seeded in six-well plates at a density of 4 Â 10 4 cells per well. The following day, U251MG cells were treated with 5 Amol/L SB203580 (Calbiochem), 10 Amol/L PD98059 (Calbiochem), or DMSO vehicle. Cells were harvested with M-Per lysis buffer (Pierce Endogen) after 24 h. TTP#6 cells were treated with SB203580 (5 Amol/L), PD98059 (10 Amol/L), or DMSO for 2 h, induced with doxycycline (1.5 Ag/mL), and harvested after 6 h. Fifty micrograms of extract were analyzed by Western blot. For ELISA analysis, 3 Â 10 4 cells were seeded in 48-well plates and stimulated with doxycycline in the presence or absence of TNF-a (10 ng/mL). Secreted IL-8 or VEGF was quantified in growth media by ELISA using commercial kits (R&D Systems). Total extract was prepared from the cells and quantified using the bicinchoninic acid kit (Pierce Endogen). All ELISA values were normalized to total protein as described previously (7) . The following antibodies were used: TTP (Abcam), FLAG and tubulin (Sigma), HuR, TIA-1,and TIAR (Santa Cruz Biotechnology).
RNA kinetics, UV cross-linking, and immunoprecipitation. For RNA kinetic analysis, we used actinomycin D and assessed IL-8 and VEGF mRNA expression by quantitative reverse transcription-PCR (qRT-PCR; ref. 7) . Cells were induced with doxycycline for 24 h followed by TNF-a (10 ng/mL) for 24 h. Degradation plots were generated by calculating the percentage RNA remaining at each time point after the addition of actinomycin D. UV cross-linking and immunoprecipitation were performed as described elsewhere (7) . For quantification of endogenous RNA binding, cells were treated with doxycycline at a dose of 1.0 Ag/mL and then stimulated with TNF-a (10 ng/mL). Cytoplasmic extract (200 Ag) was equally divided into four aliquots and immunoprecipitated with the corresponding antibody using methods described elsewhere (8) . RNA was extracted from beads and supernatants using the RNeasy kit (Qiagen) and then analyzed by qRT-PCR for target RNA expression.
Cell proliferation, viability, and apoptosis. Cells were seeded at density of 5 Â 10 3 in 96-well plates overnight and induced with doxycycline for 48 h with 10% fetal bovine serum. For some cells, TNF-a (10 ng/mL) was added after 24 h of doxycycline treatment. Cells were lysed, and proliferation was assessed using the ViaLight Plus kit (CAMBREX). Luminescence was measured in a Spectrafluor plus machine (Tecan). For viability assays, TTP was induced at various doses of doxycycline for 24 h and then for additional time intervals (24-48 h). Cell viability was assessed by Trypan Blue exclusion. Assays were done in triplicate in two independent experiments. Apoptosis was assessed by fluorescence immunohistochemistry of fixed cells for cleaved caspase-3. Cells were grown on chamber slides, stimulated with doxycycline or vehicle, fixed in 4% paraformaldehyde for 20 min, and washed in PBS. After incubation for 15 min in blocking buffer (PBSBB; 1% bovine serum albumin, 0.2% evaporated milk, 0.3% Triton X-100 in PBS), primary antibody (rabbit anticleaved caspase-3; Cell Signaling Technologies) was added at 1:500 in PBSBB without triton X-100 overnight at 4jC. After PBS wash, horseradish peroxidase-conjugated donkey anti-rabbit IgG secondary antibody (Jackson Immunoresearch Laboratories) was added at 1:3,000 in PBSBB without triton X-100 for 1 h at room temperature followed by PBS wash. Antibody staining was detected using a tyramide signal amplification system with Cy3-conjugated tyramide (1:1,500, 30 min, room temperature) according to manufacturer's instructions (Perkin-Elmer), followed by PBS wash. Nuclei were subsequently counterstained with bis-benzimide (2 Ag/mL; Hoechst 33,258; Sigma) for 10 min, followed by PBS wash. Slides were coverslipped in a 1:1 mixture of PBS and glycerol. Cells were examined with a Zeiss Axioskop inverted microscope equipped with epifluorescence. Images were captured from each well using Axiovision software using a constant exposure time for each image. Numbers of cleaved caspase-3-positive cells were counted from five images captured randomly from each well and were expressed as a percentage of total cell number (nuclei) for each well. Percentages of cleaved caspase-3-positive cells were averaged together for each doxycycline dose.
Statistics. For comparison of RNA and ELISA expression levels, a MannWhitney test was used. An unpaired, two-tailed Student's t test was used for analysis of cell proliferation, viability, and cleaved caspase-3 activity.
Results
Expression of TTP in glioma cells. In our previous work, we have shown that gliomas overexpress the RNA stabilizer HuR and have active RNA stabilization pathways (6, 7) . Because TTP is a negative regulator of adenine and uridine-rich mRNAs, including some of the same growth factor mRNAs stabilized by HuR, we postulated that this protein would be down-regulated or absent in glioma cells. We analyzed different glioma cell lines and detected consistent expression of TTP but at variable levels (Fig. 1A) . Whereas the predicted molecular weight of TTP is f34 kDa, we observed two to five bands between 37 and 50 kDa. This finding is consistent with prior reports indicating altered electrophoresis of this protein because of phosphorylation (9) (10) (11) . The slower migrating forms were most prominent in U251MG and U87 cells (lanes 1-4), and treatment with TNF-a did not alter their expression (lanes 1 and 3 versus lanes 2 and 4). These upper bands were minimally detectable in other glioma cell lines (lanes 5-11). The lower bands, which most closely match the predicted molecular weight (12) , were observed in all cell lines, although faintly in D37 cells. Next, we stably transfected a FLAG-TTP plasmid into U251MG tet-on cells using methods previously published from this laboratory (7) . One clone, TTP#6, was further analyzed by Western blot and a FLAG antibody (Fig. 1B) . By varying the dose of doxycycline, we observed differential expression of the transgene up to 3.0 Ag/mL doxycycline. Throughout dose escalation, slower-migrating phosphorylated forms predominated (most noticeable at doses of >0.5 Ag/mL). To confirm that these bands reflected phosphorylated forms of TTP, we treated the extracts with calf intestinal alkaline phosphatase. Western blot with an anti-FLAG antibody showed loss of upper bands at each dose of doxycycline, confirming that the ectopic protein was phosphorylated ( Fig. 1B, bottom) . Because endogenous TTP expression is induced with serum (11), we tested the level of induction when the cells were exposed to serum concentrations ranging from 0% to 10% (Fig. 1C ). Western blot with a FLAG antibody indicated weak expression of TTP in serum-deprived conditions, which became progressively stronger with higher concentrations of serum. Furthermore, the phosphorylated forms did not appear until serum was added, which is consistent with prior findings in other cell systems (9, 11) . In the presence of TNF-a, expression of TTP (including the phosphorylated forms) was considerably more robust at low concentrations of serum. We next treated TTP#6 cells with the p38/mitogen-activated protein kinase (MAPK) inhibitor SB203580 and the extracellular signal-regulated kinase 1/2 (ERK1/2) inhibitor PD184352 to determine the contribution of these kinases to TTP phosphorylation. Cells were treated with inhibitor or control for 2 h before induction with doxycycline. Extracts were prepared 6 h after doxycycline treatment and analyzed by Western blot using a FLAG antibody (Fig. 1D ). With SB203580, there was near abrogation of the upper band(s) compared with the control lane, whereas with PD184352, there was a modest diminution. We then treated wild-type U251MG cells with SB203580 or PD184352 for 24 h and found a loss of upper bands with SB203580 but not PD184352 using a TTP antibody. Thus, p38/MAPK plays a major role in phosphorylation of TTP in U251MG cells.
TTP destabilizes growth factor mRNAs in malignant glioma cells. We next analyzed the RNA kinetics of IL-8 and VEGF, two angiogenic growth factor mRNAs that are targets of mRNA stabilization in gliomas (6, 7, 13, 14) . Based on our previous work, we treated the cells with TNF-a for 24 h to induce RNA expression for measurement of decay curves (7). We observed a doxycycline dose-dependent reduction of RNA half-life with both target RNAs (Fig. 2, top) . For IL-8, the change in half-life was striking. At baseline (no doxycycline), the half-life was >6 h, which is consistent with our previous report of TNF-a-induced RNA stabilization in this cell line (7) . With escalating doses between 0.25 and 1.5 Ag/mL doxycycline, however, the half-life was reduced to f4 and 2 h, respectively. For VEGF, the half-life was reduced by 2.5-fold at a doxycycline dose of 1.5 Ag/mL ( from f4.0 to 1.6 h). We did not increase the dose beyond 1.5 Ag/mL despite greater induction of the transgene because we have observed an effect of doxycycline on RNA kinetics in the parent U251 tet-on cell line at doses higher than 2.0 Ag/mL (data not shown). The effect of this half-life reduction on RNA expression was then assessed. We found a dosedependent decline in RNA levels compared with baseline (Fig. 2,  bottom) . The negative effect of TTP was greater for VEGF, where a dose of 0.25 Ag/mL of doxycycline produced a significant decline in RNA levels compared with baseline. At the highest dose, there was a 74% decline in RNA levels (P < 0.01). For IL-8, a significant drop in RNA level was not observed until a doxycycline dose of 0.5 Ag/mL. Part of this discrepancy may be due to the differential induction of RNAs with TNF-a stimulation. For IL-8, there was a robust induction (on average, 70-fold) versus no significant induction for VEGF in the presence or absence of doxycycline (data not shown). We have also observed this difference in U251MG cells as well (7). Thus, the potent transcriptional effect of TNF-a on IL-8 may, in part, compensate for the decline in RNA half-life.
TTP binds to IL-8 and VEGF mRNA. We next determined whether destabilization of the target mRNA was linked to binding with ectopic FLAG-TTP. Although TIS11b, a homologue of TTP, has been shown to bind VEGF 3 ¶ UTR (15), binding to IL-8 3 ¶ UTR has not been described previously. Both 3 ¶ UTRs have several optimal nonamers (UUAUUUAUU) for TTP binding in the context of an adenine and uridine-rich 3 ¶ UTR ( Fig. 3A; ref. 16 ). We performed UV cross-linking (UVX) with TTP#6 extracts and radiolabeled IL-8 and VEGF 3 ¶ UTR probes (gels in Fig. 3B and C) . The location of the probes is shown in Fig. 3A . Analysis of the cross-linked extract revealed a spectrum of bands ranging from 34 to 80 kDa (UVX lane). We observed a hyper-intense band signal in the size range expected for FLAG-TTP based on Western analysis (Fig. 1B) . We then performed immunoprecipitation of the UVX extract with a FLAG antibody and detected the TTP fusion protein in the same size range for both 3 ¶ UTR probes. Immunoprecipitation with the TTP antibody revealed a similar cluster of bands. Cross-linked endogenous HuR was also immunoprecipitated, indicating that the two RBPs bind to similar loci within the 3 ¶ UTR (7, 8) . Interestingly, a second, diffuse band of slower mobility was observed in immunoprecipitation of HuR with the VEGF probe, suggesting either the presence of a modified form of HuR or coprecipitation of another RBP. As UVX of cell extracts produces only qualitative assessment of RNA binding, we determined quantitatively the endogenous binding of mRNA targets to ectopic FLAG-TTP. Cytoplasmic extracts from cells stimulated with TNF-a were prepared under nondenaturing conditions and subjected to immunoprecipitation without cross-linking. RNA was eluted and quantified by qRT-PCR for IL-8 and VEGF mRNA expression using the same pellet and supernatant (graphs in Fig. 3B and C) . For additional controls, we analyzed two other ARE-binding proteins, TIA-1 and TIAR, both of which bind to similar loci in the 3 ¶ UTR (17) . Without doxycycline stimulation, there was a relative increase in recovery of VEGF mRNA with the HuR antibody compared with FLAG, TIAR, or TIA1. For IL-8 mRNA, there were only minimal differences. Some recovery was observed with the FLAG antibody consistent with basal expression of the tet-on system (18) . This finding is consistent with our previous observations indicating an RNA stabilizing effect of TNF-a stimulation (7). After doxycycline induction of FLAG-TTP, there was an increase in RNA recovery for both targets (3.5-fold for IL-8 and 6-fold for VEGF). HuR binding, on the other hand, declined by 35-fold for VEGF and 2-fold for IL-8. For TIA-1, there was modest recovery of RNA under basal conditions which did not change substantially after doxycycline treatment. TIAR, however, showed little (IL-8) or no (VEGF) recovery regardless of doxycycline treatment.
Overexpression of TTP reduces IL-8 and VEGF production. We next sought to determine whether FLAG-TTP expression negatively affected protein expression. We examined TTP#6 and U251MG tet-on cells treated with and without TNF-a at varying doses of doxycycline (Fig. 4) . After normalization to total protein, ELISA values were expressed as a percentage of the average value at doxycycline dose of 0. Under basal conditions, there was a dosedependent reduction of IL-8 and VEGF levels in the supernatant of TTP#6 cells. At the highest dose of doxycycline (2.0 Ag/mL), there was a 3.2-fold decline in IL-8 and a 4.2-fold decline in VEGF protein levels compared with control cells. At each doxycycline dose, there was a significant difference between TTP#6 and control cells for both proteins, even with the negative effect of doxycycline on IL-8 production in control cells. With TNF-a stimulation, there continued to be a significant doxycycline dose-dependent decline in VEGF production, with an 80% reduction at 2.0 Ag/mL (7.2-fold decline compared with control cells). Interestingly, IL-8 showed no significant drop compared with control at all doses of doxycycline.
TTP overexpression is toxic to glioma cells. Because VEGF and IL-8 are important angiogenic growth factors in glioma tumor progression (19) (20) (21) , we wanted to determine whether expression of TTP adversely affected cell growth and proliferation. Using a luciferase-based assay, we observed a significant dose-dependent decrease in proliferation of TTP#6 versus tet-on control cells at 24 h that was substantially augmented by TNF-a (Fig. 5A) . We then examined cell viability up to 48 h using a Trypan Blue exclusion assay (Fig. 5B) . In the initial 24 h, there was no reduction in cell counts in the TTP clone; however, in the 48-h time interval, there was a significant doxycycline dose-dependent reduction in viable cells. Control cells showed no change in viability regardless of doxycycline dose. Thus, TTP expression exerted a negative effect on both proliferation and cell survival. To determine if overexpression of TTP induced apoptosis, cleaved caspase-3 immunohistochemistry was performed on paraformaldehyde-fixed cells. Representative fields are shown in Fig. 5C where only TTP#6 cells treated with doxycycline showed positive cells at 48 h. Quantitative assessment 
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www.aacrjournals.org of immunoreactivity showed a dose-dependent and significant increase in cleaved caspase-3 positivity for TTP#6 compared with control (Fig. 5D) . Virtually no positive cells were observed with TTP#6 cells in the absence of doxycycline. These results suggest that the doxycycline-induced expression of TTP induces an apoptotic program of cell death in U251MG cells.
TTP is hyperphosphorylated in primary malignant gliomas. The observed deleterious effects of TTP expression on angiogenic growth factor expression and survival in our glioma clone would not be compatible with the robust growth properties of malignant gliomas. We therefore investigated TTP expression patterns in highly malignant and infiltrative GBM tumors, more indolent and low-infiltrative pilocytic astrocytomas, or nonneoplastic astrogliotic tissue (Fig. 6) . TTP expression was readily detected in all tissues, with GBM and pilocytic astrocytoma surprisingly showing a stronger intensity of bands than astrogliotic samples. However, in both GBM and pilocytic astrocytoma, hyperphosphorylated forms of TTP predominated. Some of the bands were greater than the 47.5-kDa molecular marker, similar to what we observed in glioma cell lines and the FLAG-TTP clone. In contrast, astrogliotic tissues showed a predominance of the lesser phosphorylated forms. Thus, it seems that hyperphosphorylated forms predominate in malignant tumors, although there was not an obvious difference between the lower grade pilocytic astrocytoma and GBM.
Discussion
We have shown that ectopic expression of TTP led to a concentration-dependent destabilization and down-regulation of IL-8 and VEGF mRNAs in malignant glioma cells. This destabilization was linked to increased binding of TTP to these target mRNAs. At the cellular level, there was a dose-dependent decline in proliferation followed by loss of cell viability and apoptosis in the ensuing 48 h. Analysis of primary gliomas and benign astrogliotic tissues indicated ubiquitous expression of TTP. In malignant glioma tumors, however, there was prominent phosphorylation of TTP compared with benign tissues. We postulate that hyperphosphorylation, mediated by p38/MAPK, keeps this RBP in check in malignant glioma, thereby providing a permissive environment for RNA stabilization and up-regulation of IL-8, VEGF, and potentially other mRNAs encoding growth-associated and survivalassociated proteins.
Malignant gliomas are highly aggressive tumors characterized by rapid growth and poor prognosis (22) . Growth factor signaling for gliomas, triggered by both autocrine and paracrine pathways, remains unchecked, allowing for rapid proliferation and angiogenesis. Gliomas rely on production of key angiogenic growth factors, such as VEGF and IL-8, to drive this phenotype (2, 22, 23) . Growth factor signaling in normal states is typically attenuated by coordinated activation of genes that negatively regulate mediators of the signaling cascade (24) . RNA degradation represents one control point, and TTP induction has recently been linked to this attenuation (24) . In gliomas, we have shown here and previously that there is a shift away from mRNA degradation toward stabilization (6, 7) . Despite endogenous TTP expression in glioma cells, there was complete stabilization of IL-8 (>6 h) and a prolongation of VEGF half-life (f4 h) when the TTP transgene was suppressed (Fig. 2) . Determinants of RNA stability are complex because RNA destabilizers, such as TTP, AUF1, and KSRP, overlap in expression with the RNA stabilizer HuR (25, 26) . We have observed KSRP and AUF1 expression in glioma cell lines, including the one used in this study (data not shown). Several possible conditions may contribute to the overall stability of target mRNAs. First, RNA binding may be competitive and relate to the amount of RBP available for binding (26) (27) (28) (29) (30) . In one study, when HuR was ectopically expressed in NIH 3T3 cells, a major change in the EMSA band pattern was observed, with loss of most bands except the complex containing HuR (31) . Likewise, cotransfection of TTP antagonized the RNA stabilizing effect of transfected HuR (30) . These findings suggest that high amounts of one RBP can tip the balance of RNA stability through displacement of other RBPs. This possibility is pertinent to our study as we observed a reversal of IL-8 and VEGF mRNA stabilization when ectopic TTP was Figure 4 . ELISA analysis of VEGF and IL-8 expression in TTP#6 clone. Cells were induced with doxycycline for 24 h and then stimulated with TNF-a or vehicle (PBS) for an additional 24 h. Proteins were assayed from growth medium, normalized to total cellular protein in the well, and expressed as a percentage (FSE) of the average value at baseline (doxycycline, 0). U251MG tet-on cells were used as a control. Results represent an average of three different experiments, each with duplicate or triplicate measurements. *, P < 0.05; **, P < 0.01 comparing control to TTP#6 at each dose of doxycycline.
expressed at higher levels (e.g., doxycycline dose of 1.5 versus 0.25 Ag/mL; Fig. 2 ). The relative increase in IL-8 and VEGF mRNA bound to ectopic TTP and a concomitant reduction of binding to HuR (Fig. 3B and C) suggest a competitive process of binding between HuR and TTP. These observations are supported by data from primary glioma tumors, where HuR is highly expressed in malignant glioma, and thus may outcompete other RBPs for target ARE mRNAs (7) . The second possible condition is modification of the RBP to reduce RNA binding affinity and function. TTP has multiple serine residues that can be phosphorylated, creating the pattern of altered mobility on gel electrophoresis ( Fig. 1; refs. 9-11,  32) . Several studies have shown diminished ARE binding with TTP phosphorylation (33) (34) (35) , whereas others have not (10, 12, 32) . Phosphorylation also creates a novel 14-3-3 binding site that may impair TTP function by sequestering it away from cytoplasmic stress granules (32, (36) (37) (38) . We observed extensive phosphorylation of endogenous and ectopically expressed TTP in U251MG cells (Fig. 1) . At higher doses of doxycycline (z1.5 Ag/mL), however, there was stronger expression of unphosphorylated forms (Fig. 1B) , which may explain the dose effect of RNA destabilization (Fig. 2) . Interestingly, ectopic TTP expression and phosphorylation were dependent on serum in the media (Fig. 1C) . TTP is an inducible protein, and a number of mitogens, including serum, phorbol esters, fibroblast growth factor, and platelet-derived growth factor (PDGF), are potent triggers for expression and phosphorylation (39) . Serum exposure typically leads to rapid induction of TTP transcription followed by increases in protein expression. In our system, however, TTP transcriptional control elements (and even 3 ¶ UTR elements) were not present. We were able to detect induction of FLAG-TTP RNA with doxycycline treatment in the absence of serum (not shown) yet could detect little protein (Fig. 1C) . This discrepancy suggests that TTP expression is regulated posttranslationally in U251MG (e.g., protein stability) as observed in other cells (40) .
Our tet-on system permitted analysis of phosphorylation at an early phase of TTP production, and p38/MAPK inhibition led to a loss of slower-migrating bands compared with control. In wild-type U251MG cells, all upper bands disappeared with p38/MAPK inhibition, further confirming a major role for this pathway in TTP phosphorylation. Although p38-MAPK is a major pathway for TTP phosphorylation in other cell systems, alternative kinases have been implicated, including c-Jun-NH 2 -kinase, ERK, and p42 MAPK (11, 12, 40, 41) . We did not observe a significant effect of ERK1/2 inhibition on phosphorylation in wild-type U251MG cells and only a modest effect on ectopic TTP. Interestingly, a recent study showed that active forms of p38/MAPK and MKK3 (an upstream activator of p38/MAPK) are significantly up-regulated in malignant gliomas and are strongly linked to tumor progression, invasiveness, and poor prognosis (42) . Attenuation of TTP by p38/MAPK-induced phosphorylation would thus contribute to the malignant phenotype by creating a permissive environment for HuR-induced RNA stabilization (7, 30) . In support of this hypothesis was the extensive phosphorylation of TTP observed in primary malignant glioma tumors (Fig. 6) . TTP-induced mRNA destabilization led to a . Data for cell proliferation and viability were derived from four to six independent assays. Data for cleaved caspase-3 immunohistochemistry are representative of two independent experiments with similar results. *, P < 0.05; **, P < 0.005; ***, P < 0.001 comparing control to TTP#6 at each dose of doxycycline.
significant and dose-dependent reduction in levels of IL-8 and VEGF mRNA (Fig. 2) . In contrast to VEGF, the negative effect of TTP on IL-8 expression was blunted after TNF-a stimulation. In fact, there was no substantial change in IL-8 protein production (Fig. 4) . This cytokine is a potent inducer of IL-8 in glioma cells (3) and suggests that increased transcriptional activity can compensate for loss of RNA stabilization. It also indicates a selective vulnerability of certain mRNA targets (e.g., VEGF in this case) to RNA destabilization when there is little compensatory increase in transcription.
The early inhibitory effect of TTP overexpression on proliferation and the later-onset apoptotic effect was exquisitely dependent on the level of TTP expression and duration of exposure. Even at high doses of doxycycline stimulation, there was no loss of cell viability at 24 h (Fig. 5 ). This delay in apoptotic cell death is consistent with previous observations in NIH3T3 cells transfected with TTP, where maximal cell death was not observed until 48 h (43). TNF-a augmented the negative effect on proliferation in the initial 24 h consistent with prior observations in nonglioma cell lines (43, 44) . Glioma cells, including the ones used in this study, are often resistant to the antiproliferative effects of TNF-a (45). So how does TTP induce cytotoxicity in glioma cells? Clearly IL-8 and VEGF mRNAs were destabilized in the presence of TTP with a significant reduction in expression. Both factors have been linked to glioma proliferation, angiogenesis, and invasion through paracrine and possibly autocrine pathways (2, 3). Down-regulation of IL-8 expression in malignant glioma cells, including U251, has been shown to inhibit proliferation and invasion in vitro, although tumor cells in vivo do not seem to express IL-8 receptors (2, 3). Whereas many glioma cells express VEGF receptors (46) , down-regulation of VEGF or neutralization of the receptor failed to show a significant effect on proliferation (46) . Thus, TTP may induce cytotoxicity by negatively regulating other ARE mRNA(s) important for glioma survival and proliferation. A Genbank database analysis indicates that up to 8% of human mRNAs contain AREs (47) . Epidermal growth factor receptor and PDGF are components of two critical autocrine growth pathways in gliomas, and both have AREs in the 3 ¶ UTR (22, 47) . Disruption of these autocrine loops may impair tumor growth and progression. A precedent for this possibility has been observed in a mast cell tumor model where TTP produced an antioncogenic effect by blocking a critical autocrine loop dependent on IL-3 (which contains AREs in the 3 ¶ UTR; ref. 48 ). Thus, TTP-induced destabilization could have a synergistically negative effect on glioma proliferation by down-regulating effectors of multiple growth pathways. In that respect, targeting TTP overexpression to glioma cells may produce a therapeutic effect, particularly if critical serine residues are altered to prevent deactivation through phosphorylation. Figure 6 . Western blot of six high-grade and four low-grade malignant glioma tumors and seven samples from benign astrogliotic (normal brain) tissues using a TTP antibody. The blots were stripped and probed with an a-tubulin antibody as shown. Lanes 1-6, GBM samples; lanes 7-10, pilocytic astrocytoma (PA) samples; lanes 11-17, benign astrogliotic tissue samples.
